This paper introduces a new type of piezoelectric actuator, Mikbal. The Mikbal was developed from a Cymbal by adding steel structures around the steel cap to increase displacement and reduce the amount of piezoelectric material used. Here the parameters of the steel cap of Mikbal and Cymbal actuators were optimised by using genetic algorithms in combination with Comsol Multiphysics FEM modelling software. The blocking force of the actuator was maximised for different values of displacement by optimising the height and the top diameter of the end cap profile so that their effect on displacement, blocking force and stresses could be analysed. The optimisation process was done for five Mikbal-and two Cymbal-type actuators with different diameters varying between 15-40 mm. A Mikbal with a ∅ 25 mm piezoceramic disc and a ∅ 40 mm steel end cap was produced and the performances of unclamped measured and modelled cases were found to correspond within 2.8 % accuracy. With a piezoelectric disc of ∅ 25 mm, the Mikbal created 72 % greater displacement while blocking force was decreased 57 % compared with a Cymbal with the same size disc. Even with a ∅ 20 mm piezoelectric disc, the Mikbal was able generate ~10 % higher displacement than a ∅ 25 mm Cymbal. Thus, the introduced Mikbal structure presents a way to extend the displacement capabilities of a conventional Cymbal actuator for low-to-moderate force applications.
Introduction
Actuators that generate force and displacement are the basis for a wide range of industrial and consumer products that provide regulation, on-off motion or continuous operation. Actuators are an essential part of these devices and an important aspect in improving their performance. Examples include diesel injection systems in automobiles or accurate alignment of mirrors in optical applications [1] [2] . Piezoelectric materials exhibit an exceptionally compact structure, extreme resolution and low response time, among other required properties. However, they fall short in displacement, as typically these materials exhibit strains in the order of 0.1-0.2 %. To overcome this shortage, dozens of different methods for extending operational displacements have been applied, employing internal and external leverage methods. Internally leveraged actuators rely on stacks or bending of piezoelectric actuator structures, as in the case of unimorphs, bimorphs, monomorphs and their derivatives. In such cases, straining of the piezoelectric material in an electric field is amplified by bending the structure at the cost of decreased force generation capabilities. [3] To expand the range of applications of piezoelectric devices even further, components providing moderate load-bearing capability are needed. Internally leveraged actuators typically exhibit the highest displacements within the smallest volume; however, their downfall is low generated forces. Therefore, externally leveraged actuators utilising hydraulic systems, levers or Moonie/Cymbal-type structures (i.e., bending of the external structure) and producing moderate forces and also high displacements with small volume are required. [3] In addition, decreased volume in piezoelectric ceramics would be preferred as they tend to be relatively expensive compared with common passive materials like plastics or metals. In the case of the widely studied Cymbal actuator, bending of the end cap on both sides of the piezoelectric sheet is utilised to create high displacements and moderate forces. This structure is very compact and has offered a wide range of adjustability for numerous different applications. [3] In the past, Cymbal transducers have been optimised for various cases. Very recently, for example Sheng et al., optimised the shape of a Cymbal stack transducer with FEM modelling and a zero-order method to improve the generated displacement even further [4] . Also Huan et al. studied the effect of changing different parameters of a Cymbal to increase displacement and frequency for a drug delivery application [5] . In addition, Narayanan et al. presented a Cymbal with radial holes called a Wagon Wheel, which decreases tangential stresses and amplifies the displacement produced by the Cymbal [6] . Also the effect of different ceramic driving elements to the displacement of the Cymbal actuator have been studied by Ngernchuklin et al. [7] .
While a number of different approaches have been used to optimise Cymbal transducers, a genetic algorithm (GA) has not been applied until very recently [8] . A genetic algorithm is a stochastic optimisation method that has gotten its inspiration from the evolution of nature. In a GA, a whole population of solutions is optimised at the same time. The fitness of the solutions is estimated and utilised when solutions are combined and mutated to produce a new population. After multiple iterations, the population of solutions has evolved. Genetic algorithms are suitable for solving complicated, multidimensional optimisation problems and thus they are a good choice for optimising the structural parameters of the new piezo actuator model.
Genetic algorithms have been used widely in the field of material technology, for example, in MEMS design [9] [10] [11] , prediction of a stable crystal structure of a compound [12] , the design of flat structures for vibration suppression [13] and optimal design of an optical image stabiliser mechanism for cameras in mobile phones [14] .
Genetic algorithms have also been utilised in designing a piezoelectric forceps actuator [15] , optimising a surgical ultrasonic piezoelectric transducer [16] , composite structural optimisation problems [17] [18] [19] , designing a star-shaped flextensional stator [20] , optimal placement of piezoelectric actuators in vibration control [21] , topology design of large displacement compliant mechanisms [22] and optimising the design parameters of a Cymbal actuator [8] .
In earlier experiments a GA has proved to be a very powerful tool in optimising a Cymbal structure. In this paper a GA is applied to a new structure called Mikbal which is derived from a Cymbal actuator. The purpose of the new design is to lower the amount of PZT material and still get high displacements compared to Cymbal actuator. This will enable more efficient utilisation of the active PZT material and facilitates also the use of not so common or more expensive materials like single crystal PMN-PT.
The GA was used to optimise the parameters of the steel end cap of a Mikbal-type actuator to achieve specified displacements with maximal blocking force for each displacement. The optimisation was repeated for multiple discrete values of displacements to get curves as a function of displacement. The process was done for five different Mikbal-type actuators and two Cymbaltype actuators with different steel thicknesses. The Mikbal structure with a steel thickness of 250 µm was produced and displacement was measured and compared with simulation results.
Design
The purpose of the actuator design was to achieve a structure that uses less active material than traditional Cymbal actuator of the same size. Piezo volume can be lowered by using thinner discs or by changing the radius of the disc. In the case of a Cymbal actuator, material thinning can be done easily, but the change in radius requires a completely new design, provided that the overall diameter of the actuator is kept the same. In this work, some of the piezo material is substituted by using thin steel flanges at the outer rim. These flanges are then connected to the end caps as shown in Fig. 1 . The motivation of this design, called Mikbal, is to use the larger steel structure as leverage for the smaller piezo layer. In the traditional Cymbal, when using a small-diameter piezo disc the end cap design is also scaled down simultaneously, decreasing also the leverage it provides. The Mikbal compensates the smaller piezo layer with a larger steel structure, which thereby generates higher displacement amplification.
In a Cymbal structure, the outer rim of the end cap is glued directly to the piezo layer and therefore cannot bend at the edge (Fig. 1a) . In this new design, the end caps are glued into flanges which can bend at the edges toward each other. This bending limits displacement, as can be seen in later chapters, and has to be minimised. Various supporting structures that provide adequate support for the end caps are discussed in this paper. This new structure has a number of parameters that need to be optimised. Some of them are the same as in traditional Cymbals, such as the shape of the end caps and the thicknesses of the piezo layer and the end caps. However, some new parameters are introduced in this new actuator. These include the thicknesses of the steel flanges and also the glue area between the flange and the piezo layer. (Fig.1b) . The fixed parameters, i.e. not variables, were the total diameter d at 40 mm, the width and thickness of the gluing surface of 1.5 mm and 0.1 mm, respectively, piezo thickness PZ of 1 mm, steel thickness PS of 0.25 mm and the electric field of 1 kV/mm. The thickness of the flange was 0.1 mm and it was glued at a width of 1.5 mm onto the surface of the piezo material. To enable comparison, the fixed parameters were selected based on previous results [8] . For both Mikbal and Cymbal actuators, the output point for displacement and force dtop and the height of the air gap h were free variables. The optimisation process was done with piezo disc diameters of 25 mm and 40 mm; and 15 mm, 20 mm, 25 mm, 30 mm and 35 mm (dpzt); for Cymbal and Mikbal, respectively. The same material parameters were used for PZT and steel as in the authors' previous studies [8] . These parameters are shown in Tables 1 and 2 with the addition of the epoxy glue used in the end cap support and the plastic pads at the top and bottom. Figure 1a . Cross-section schematic of a Cymbal and used parameters.
Figure 1b. Cross-section schematic of a Mikbal actuator and the parameters used.
Modelling
Cymbal-and Mikbal-type piezoelectric actuators were modelled using FEM (Finite Element Method) software (COMSOL Multiphysics 4.3a, COMSOL AB). Displacement and blocking force simulations were carried out. Both of these simulations were static linear simulations. Since the device under study was an actuator generating relatively small deformations, a linear simulation type was selected. The boundary conditions for the displacement simulations were: the bottom of the end cap, or the area defined by dtop, was fixed and the top of the end cap was therefore able to move freely. For the blocking force simulations, the positions of both the top and bottom end caps were fixed and the force generated by the actuator was recorded. The ideal clamping condition i.e. mathematical constraint at the edge of the flanges were applied, to keep the distance between the top and bottom end cap edges constant, while not restricting the bending of the structure. Automatic meshing was done using triangles, seen in Figure 2 , at every simulation. The simulated elements were quadratic Lagrange elements. The geometry was modelled using a 2D axial symmetric model, which enabled fast simulations as opposed to using a 3D model. The speed of simulation was an important factor, since a genetic algorithm requires a large amount of simulations. The optimisation proceeded so that displacement was forced into a specified value with the fitness function while the blocking force was maximised. This was done for discrete values of displacement to get the maximum blocking force as a function of displacement, which enabled presentation of all properties as a function of displacement. The optimisation process was repeated seven times in total, for five different models of the Mikbal actuator and for two different models of the Cymbal actuator. The fitness function was
where 0 is the desired displacement, s is FEMmodelled displacement and F is the blocking force.
A power of two was used to make the effect of the displacement term stronger, since force tends to dominate the fitness function very strongly. There is a natural trade-off between force and displacement, thus a smaller displacement typically means a larger generated force. The calculated fitness value for each individual was scaled based on its ranking in fitness. An individual with rank r has a scaled score proportional to 1/sqrt(r). This helped the population preserve its diversity when only a few very good solutions were found. A population size of 50 and 70 generations were used. The simulations were done with blocks of 10 individuals to save time. The simulation of one individual took about 21 seconds, making the computation time for one evolutionary run circa 21 hours. The two best solutions of the population were delivered to the new generation as elite individuals to preserve found solutions. Of the remaining individuals in the new population, 40 % were produced with mutation and 60 % with crossover. Parents were selected deterministically based on the integer part of the scaled score of their fitness and roulette selection was used on the remaining fractional part. Gaussian mutation with deviation less than 25 % of the searching range in the beginning of the evolution was used. During the evolution, the amount of mutation was decreased linearly so that in the end it was less than 1 % of the searching area. In the beginning individuals were able to travel to the opposite side of the searching area in a few generations but they were not spread around the space in every mutation. The contradiction of the mutation made the local search for the GA easier after the population was converged near the best solution the GA had found. The mutation was also modified to stay inside of given boundaries of height and top diameter. The boundaries of the parameters covered about a 1 mm range in the height h and a 3-5 mm range in the diameter of the cap dtop, whereas the starting point was defined by the solutions found earlier.
The crossover function created offsprings by a random weighted average of the parents with a ratio of 1.1. Thus the individuals of the new generation had properties between their parents with a high possibility, but they also had a chance to spread outside of the space defined by the genes of the parents, which helped the population preserve its diversity. Same parameters of the GA were used in [8] . The GA provided good results and there was high similarity in the results of separate but identical evolutionary runs and therefore no effort was made to optimise the parameters of the GA further.
Experiments
A Mikbal-type actuator was manufactured for measurements. The steel end caps (Ø 40 mm, 250 µm thick) and flanges (Ø 40 mm, inner Ø 22 mm, 100 µm thick) were laser-machined (Siemens Microbeam 3200, Siemens AG). Two piezoelectric discs with silver electrodes (PZT-5H, Ø 25 mm, 500 µm thick) were glued (Loctite 401 fast glue, Henkel Corp.) together and a small drop (Ø 2 mm) of conductive silver paint was added to the glue to ensure good electrical contact. Flanges were then glued (Strong Epoxy Metal 2810, Casco) from the inner perimeter onto both sides of the piezoelectric discs at a 1.5 mm distance. Subsequently, end caps were glued (Epoxy) to the flanges at a 2.0 mm distance from the outer perimeter of the flanges. Small holes (Ø 0.5 mm) were micro-machined around the outer perimeter of the end caps to ensure robust contact with the flanges and the end caps. A hydraulic press was used to compress the end caps slightly to a dome shape, which created a ~650 µm air gap between the piezoelectric disc and the end cap. The shape of the steel end caps was measured using a micrometre screw (Mitutoyo Coolant Proof IP65, USA). The shaping of the end caps was done to provide an initial preferred bending direction for the end caps. Obviously, this slightly reduces displacement.
Actuator (Fig. 4 ) displacement was then measured as a function of electric field (sine wave at 0.5 Hz) with a fibre-optic laser vibrometer (OFV-5000, Polytec GmbH). The first measurement was done without support between the end caps, the second measurement with 8 small (Ø 2 mm) epoxy pillars between the end caps at the outer perimeter and the third measurement with 16 supporting pillars. Displacement was measured from the middle point of the actuator, which was glued on a Ø 5 mm pedestal from the opposite side. The measurement system is represented in Fig. 5 . 
Results
In the figures below, simulated data points are plotted as a function of displacement. Every point is a result of the optimisation process done with the genetic algorithm, exhibiting the actuator with the highest figure of merits. These points are plotted and analysed with respect to blocking force, von Mises stress and optimised height and top diameter values. It can be seen that Cymbal actuators give a significantly higher blocking force than Mikbal actuators when small displacement capabilities are allowed. In contrast, when higher operational displacement is required, Mikbal outperforms Cymbal, achieving also a higher blocking force in the high displacement region (e.g., above 60 µm in the case of Mikbal25 and Cymbal25). It can be noticed that the region of rapid decrease in blocking force at the end of the graphs in Fig. 6 is moved towards higher displacements in the case of Mikbal. This is the result of an improved displacement generation capability due to additional flanges. The ending point of each curve is defined by the highest produced displacement and the corresponding blocking force that can be generated by that structure. Reaching lower blocking forces than those shown here was not possible for these structures with the fitness function we used where the force was maximised.
In Fig. 6 the largest displacements were achieved with a ∅ 40 mm Cymbal, as the outer diameter of the Mikbal was limited to ∅ 40 mm, in which cases flanges would not exist. However, a Mikbal actuator with a piezo disc of ∅ 20 mm seems to be already capable of generating a higher displacement than a Cymbal of ∅ 25 mm, but with a lower blocking force. Moreover, with the same size piezo, Mikbal25 is able to generate a ~72 % higher displacement than Cymbal25. Therefore, the structure of a Mikbal actuator is especially beneficial in applications where extension of the displacement range is required. It is also clear from Fig. 6 that displacement increases rapidly with larger size piezo discs. This observation is more visible in Fig. 7 . where also saturation of displacement at a piezo size of ∅ 30 mm is shown. At the same point the blocking force is rapidly increased, thus the structure is switching from displacement amplification more towards force generation as a consequence of the dimensional ratios of the flange and the piezo disc. Thus, for each selected size of the piezo, optimal flange dimensions should be found. In this case with the outer diameter set to ∅ 40 mm, the optimal flange width would be 7.5-5.0 mm for a ∅ 25-30 piezo, respectively, corresponding to a ratio of 3:5-1:3 between flange width and piezo radius. It should also be noted that each Cymbal actuator presented here is highly optimised by the GA presenting the best structure, within the same boundary conditions as the Mikbal actuators, and therefore should give a generic understanding about obtainable performance. The numerical values of the dimensions and performance of the Cymbal and Mikbal actuators are gathered into Table 3 . From this Table it is evident that a Cymbal is the more preferable structure when higher forces are required (466.5-992.3 N) while a Mikbal generates higher displacements with the same size piezo. From Fig. 8 it can be seen that a Mikbal-type actuator has lower maximum Von Mises stress than a Cymbal actuator. The length of the steel end cap is much greater for a Mikbal than for a Cymbal, taking into account also flanges. Therefore, the second moment of inertia and stiffness of the end cap structure is less than in Cymbals, causing decreased resistance of the piezo movement and thus reduced stresses. Moreover, the stresses were significantly below the 75 MPa reported as the modulus of rupture for PZT in the transverse direction [23] . Only a ∅ 35 mm Mikbal has slightly higher Von Mises stress than a Cymbal with a 25 mm diameter in large values of displacement. The maximum Von Mises stress of a Cymbal slowly decreases as a function of displacement, but for Mikbals it fluctuates at smaller displacements. It was also observed that for Mikbal actuators, the maximum blocking force (Fig. 6 ) is typically achieved before the point of highest stresses (Fig.  8 ). This indicates that the mechanism first reaches its optimal force delivery conditions from the piezo, after which the force becomes more directed into the end cap structure itself rather than the output of the actuator. Fig. 9 presents the optimal height of the steel cap as a function of displacement for different actuators. The shape of the function is decreasing and quite similar for both Mikbal-and Cymbal-type actuators. However, in the Mikbal the height of the cap is generally smaller than in the Cymbal, especially with large values of displacement. Mikbal-type actuators produce displacement by using the lower end cap, in which case displacement amplification from the horizontal plane (Fig. 1) to vertical motion is the highest. Moreover, flanges provide additional leverage for the structure, but to maximise the blocking force at the same time, some degree of structural rigidity is required by increasing the height of the end cap. The Mikbal increases the height of the end cap significantly when approaching smaller displacement and higher blocking forces. However, it still produces significantly lower blocking forces than the Cymbal and therefore is especially feasible in applications requiring a very low profile and high displacements but moderate forces. Figure 9 . Height of the cap as a function of displacement.
A comparison of Fig. 8 and 9 reveals that together with decreased stresses in the low displacement region, also the height of the end cap is dramatically decreased. In such a case the stiffness of the end cap against bending is greatly decreased, which can be seen as less resistance towards piezoelectric action. Once the most dramatic changes have been passed in the height of the end cap, stresses increases rapidly and then start to decline again. Here, the operation "mode" of the mechanism is changed (low end cap with a small flat region, Figs. 9 and 10) compared with a low displacement region (high end cap with a large flat region), thus causing corresponding changes in movement resistance and stresses of the piezo. Fig. 10 shows the top diameter of the cap as a function of displacement for different actuators. The shapes of all the curves are linearly decreasing, but the curves for the Mikbals have a steeper slope than the curves for the Cymbals. Also, while the curves for the Cymbals are a little concave, the curves for the Mikbals are more convex. Both the Mikbal and Cymbal actuators reduce the top diameter when aiming for larger displacements and give maximal displacement when the top diameter approaches zero. Shortening the top diameter extends the available lever that can be utilised by the piezo structure. Thus the genetic algorithm minimises the top diameter to reach the required displacement, after which the residual of the flat region is used to improve force generation. Table 4 demonstrates the displacement of the structures versus volume of piezoelectric material. Here the advantage of the steel structures of the Mikbal over the Cymbal is clearly seen. With a piezo diameter of 25 mm the Mikbal generates 1.7 times greater displacement than the Cymbal and therefore provides higher efficiency in terms of PZT volume. The Wagon Wheel actuator previously developed by Narayanan et al., i.e., a Cymbal with radial holes [6] , achieves values between a Cymbal and Mikbal with a diameter of 25 mm. The highest displacements per amount of piezo material are produced by Mikbals with piezo diameters of 20 mm and 25 mm. The benefit created by the additional steel structures of the Mikbal decreases at around a 30 mm diameter. At this point, although the piezo diameter is increased, it also approaches the total diameter, thus shortening the lever created by the flange and at the same time increasing the amount of piezo material, resulting in lower displacement vs. PZT volume ratio. The manufactured prototype was also modelled with FEM. As the end caps of the manufactured prototype deviated from the ideal GA-simulated model, a new model was developed incorporating the produced end cap design. The curvature of the prototype's end cap was measured and applied to the model. The model allowed us to study the influence of different clamping and supporting methods at the outer rim of the Mikbal. Different support structures were also applied to the prototype and displacement measurements were carried out to compare the results with the modelled results. The measurements and modelling results are shown in Fig. 11 . Every point in figure 11 is an average of 5 measurements with the standard deviation 0.1 µm. Amount of epoxy on the edges of the actuator was varied by 8 and 16 tabs, and also a case without any support was measured. These tabs are seen in Fig.  1b . As the modelling was carried out as axial symmetric simulations, it was not possible to add discrete tabs. As a result, the effect of epoxy support was simulated using a continuous ring of epoxy at the outer rim of the actuator, as seen in Fig. 12 . Simulated cases included the epoxy ring, a no support case, a 100 µm steel ring and an ideal clamping case. Without any clamping, as seen in Fig. 12 , the end of the end caps can bend toward each other and therefore the total displacement is less than in the ideal case. The ideal clamping condition includes a mathematical constraint at the edge of the actuator, which keeps the distance between the top and bottom end cap edges constant, but does not restrict bending. A practical approximation of this condition was modelled with a 100 µm steel strip between the edges. This keeps the distance between end cap ends close to constant. Furthermore, the thickness of 100 µm was selected to allow bending of the end cap and to keep radial stress induced by the clamp minimal as it counters the piezoelectric radial force. This means that if wide and stiff material is used as the support, the resulting ring opposes radial contraction of the piezoelectric disc, thus limiting displacement. The results in Fig. 11 confirm that the ideal clamp is indeed superior to all of the other support methods. However, the steel rim clamp is very close to the ideal clamp, as was expected. The epoxy rim also provides high performance, but still noticeably lower than the steel rim solution. The best measured case was the 8 tabs version, but as can be seen, the 16 tabs version starts to perform better at lower voltages but then performance suddenly drops. This was due to the prototype breaking. The cause of the fault remained unclear. However, one could argue that by adding more glue tabs, performance would eventually approach that of the epoxy rim case. Finally, the performances of both the measured and modelled unclamped cases were almost identical and their curves in Fig. 11 are greatly overlapping. The results show that utilisation of the correct support or clamping at the edges has a crucial role in this type of actuator, as displacement performance approximately doubles by using an ideal clamp compared with the unsupported case.
Stress distribution under 500 V excitation is shown in Fig. 12 . As can be seen, the ideal clamp allows bending of the flanges and the end caps and maximum stress is located at the flanges. In the steel rim case, maximum stress is now located at the rim, but the flanges and end caps are allowed to bend. In the case of the epoxy ring, the axially thick epoxy ring prevents bending of the flanges and also hinders bending of the end caps. This can be seen as a build-up of stress at the end caps near the epoxy ring. Figure 12 . The von Mises in MPa and deformations of the structure under 500 V with different clamps and close-ups of ideal and 100 µm steel clamps.
Conclusion
In this study a new modification of the Cymbal-type actuator, called the Mikbal, was modelled and produced. The Mikbal has supplementary steel structures around it to amplify displacement, which creates larger displacement than the Cymbal with the same amount of piezo material, but gives generally smaller blocking forces.
The parameters of the Mikbal, as well as its Cymbal counterparts, were optimised by a genetic algorithm. An optimised ∅ 40 mm Mikbal steel structure has a ∅ 20-25 mm piezo disc inside and a lower cap than corresponding Cymbal actuators. Lowering the cap and shortening the top region of the end caps of Mikbal and Cymbal actuators increased the generated displacement in both cases.
It was also concluded that the support structure that keeps the distance between the top and bottom end cap edges constant in the perimeter of the Mikbal has a crucial role in its performance. In the case of ideal mathematical constraint the Mikbal generated about twice as much displacement compared with a case without support. For practical realisation also epoxy and a 100 µm wide and thick steel ring were tested, where a steel strip between the edges gave higher performance close to ideal. Furthermore, the measured Mikbal actuator and modelled unclamped cases showed very high correspondence. This paves the way for further improvements by utilising FEM modelling and genetic algorithms and opening some of the constraints from the parameter space used.
